Bubble detachment, rise, and bouncing upon impact with a free surface is studied experimentally in variable gravity conditions. Previous investigations focused on the effects of fluid properties such as viscosity or surface tension on the rise and bouncing dynamics. Gravity force is a crucial factor in the detachment, rise and bouncing processes. However, the effect of different gravity levels has never been studied experimentally. In this paper we analyze the role of gravity in the detachment, rise velocity and bouncing motion of millimetric bubbles colliding with a free surface. Single air bubbles in ethanol are detached from a nozzle by the buoyancy force. After reaching a terminal velocity, the rising bubble interacts with the free surface in a bouncing process prior to coalescence. The equivalent bubble diameter at detachment decreases as the gravity level increases, in agreement with the theoretical prediction. An expression for the terminal velocity as a function of gravity is proposed. The terminal velocity is found to increase with the gravity level, although bubbles are smaller at higher values of gravity. The bouncing process has been modelled by a damped oscillator, in which the free surface acts as an elastic membrane. An expression for the frequency of bouncing as a function of gravity has been obtained, showing a good agreement with the experimental results. The motion of the bubble during the bouncing process can be approximated by an underdamped oscillator even if viscosity is negligible. Therefore, viscosity is not the main responsible for damping, which is probably due to energy transfer from the bubble to the fluid in the form of vortex and surface waves generation.
formation in microgravity conditions, reporting that at low gas 26 flow rates the bubble size is not uniform and the frequency of 27 bubble generation is very difficult to control.
28
Many attempts to model the bubble shape and terminal 29 velocity in the steady rise have been carried out (Moore, 1965 Suñol and González-Cinca, 2015) . However, due 34 to the complexity of the problem, most of the predictions are 35 largely in terms of empirical correlations which are for the 36 most part based on specific test conditions. The application of 37 these correlations to other test conditions may not be valid, in 38 particular when the gravity level is changed.
39
Most of the studies on bubble bouncing carried out up to 40 date consider the collision of a gas bubble with a solid wall 41 (Tsao and Klaseboer et al., 2014) . 44 In this configuration the bubble bouncing is due uniquely 45 to bubble surface deformations upon impact with the solid 46 wall. However, the collision of a bubble with a free surface 47 is a more complex bouncing process characterized by the 48 deformation of both the bubble shape and the free surface. 49 Sanada et al. (2005) and Suñol and González-Cinca (2010) 50 reported that there is a critical threshold determined by the 51 bubble characteristics that separates the bouncing and non-52 drain.
67
The dynamics of the bouncing process of a bubble upon 68 impact with a free surface has been properly modelled by 69 Sato et al. (2011) using a coupled mass-spring approximation.
70
In this model, two springs connected in series are considered. 
101
The main objective of this work is to study the effects of 102 gravity on the bubble detachment diameter, terminal velocity 103 and drag coefficient, and to find a relation between the fre-104 quency of bouncing and the gravity level. The bubble bouncing 105 with a free surface is modelled as a damped oscillator, in which 106 the free surface acts as an elastic membrane and the bubble 107 shape is approximated to be constant.
108
In Sec. II, the experimental setup and procedure are pre-109 sented. Results on the bubble detachment, bubble steady rise, 110 and the bouncing process are presented in Sec. III. Sec. IV 111 contains the conclusions of this work.
112

II. EXPERIMENTAL SETUP AND PROCEDURE
113
In order to study the effects of the gravity level on the 114 bouncing of a bubble impacting at a free surface, we designed 115 an experimental setup and run it at the ESA Large Diameter 116 Centrifuge (LDC) of the European Space Agency in ESTEC 117 (Noordwijk, The Netherlands). This platform allows to explore 118 hypergravity levels from 1g 0 up to 20g 0 , where g 0 = 9.81 119 m/s 2 is the acceleration due to gravity at sea level. The LDC 120 allows to reach g = 20g 0 only at the bottom of the capsule 121 ("gondola").
122
The experimental setup integrated in the gondola consists 123 of a test cell, a bubble injection system, and a data acquisition 124 system (Fig 1) . The test cell is a tank with a rectangular 125 prism shape of dimensions 140 × 60 × 90 mm 2) Bubble injection from the nozzle.
174
3) Video recording of bubble detachment, rise, and bounc-175 ing. The total required time for these steps is between 5 and 178 8 min. Most of this time is employed for the transfer of the 179 high-speed movie to the computer. The procedure is carried 180 out for each gravity level.
181
III. RESULTS AND DISCUSSION
182
In our experiments, a millimetric gas bubble is injected from 183 the nozzle and rises until it collides with the free surface. 184 The whole process can be divided into four stages: bubble 185 detachment from the nozzle, bubble rise, bubble bouncing 186 with the free surface, and bubble coalescence. We focus our 187 study on the three first stages. Fig. 2 shows a sequence of 188 snapshots of the bubble bouncing and coalescence process. 189 The top row corresponds to a bubble bouncing at g = 2g 0 , 190 and consecutive frames are separated by a time interval of 191 ∆t = 2 ms. The middle row shows a bubble bouncing at 192 g = 5g 0 , with consecutive frames separated by ∆t = 1 ms. In 193 the bottom row, the gravity level is g = 19g 0 and consecutive 194 frames are separated by ∆t = 0.5 ms. In these three cases, the 195 bubble bounces twice before coalescing with the free surface. 196 The number of bounces of each bubble could be pre-197 dicted if the energy dissipation at each collision was known. 
where ∆ρ = ρ − ρ a = 789 − 1.2 = 787.8 kg/m 3 is the density It should be noted that Eq. 2 gives accurate results only if the 251 needle used for bubble formation is completely wetted by a 252 liquid and the bubble is formed at the inner diameter d c .
253
In order to obtain experimentally the bubble equivalent di-254 ameter, we approximated the bubble shape as an axisymmetric 255 ellipsoid with vertical diameter d v and horizontal diameter d h , 256 where d v and d h can be measured from the images recorded 257 in the steady rise. Since the bubble equivalent diameter is, by 258 definition, the diameter of a spherical bubble containing the 259 same volume as the ellipsoid (πd 
where v T is the terminal velocity and C d is the drag coeffi-280 cient. Solving for the terminal velocity, we obtain:
Multiplying capillary-gravity wave with a phase velocity (Lamb, 1932) 294
where λ is the wavelength. Defining θ as the angle between 
The combination of Eq. 2 and Eq. 8, gives rise to an explicit 305 relation between the terminal velocity and the gravity level.
306
Lehrer Lehrer (1976) 
Eq. 8 can be written in terms of dimensionless numbers as
Comparing Eq. 10 with Eq. 6 yields to
Similarly, Eq. 9 can be rewritten in terms of dimensionless 314 numbers as
which, combining with Eq. 6, gives rise to Eqs. 11 and 13 contain the required relation between the 317 drag coefficient and the gravity level.
318
In order to experimentally obtain the bubble terminal veloc-319 ity, we have measured the time interval t needed for a bubble 320 to rise a given number of pixels z, in the steady rise region.
321
Fig . 5 shows the bubble terminal velocity as a function of 322 the normalized gravity level. The terminal velocity is found to 323 increase as the gravity level is increased. This is the expected 324 behavior for a fixed bubble size, but we must keep in mind 325 that in our experiments the size of the bubble decreases as the 326 gravity level is increased. As a consequence, the behavior of 327 the terminal velocity as a function of gravity for bubble size 328 determined by natural detachment is a priori unknown.
329
The experimental measurements are slightly above the the-330 oretical prediction of Eq. 8. Lehrer's (Lehrer, 1976) modifica-331 tion of Eq. 8 by energy balance arguments, resulting in Eq. 9, 332 becomes a better prediction of the obtained data. Experimental 333 results show a good agreement with Eq. 9 for g > 10g 0 . 334 However, for lower gravity values there is a deviation between 335 the experimental data and the theoretical prediction of Eq. 9. 336 This could be due to the fact that the conversion from potential 337 to kinetic energy in Lehrer's argumentation is somehow more 338 efficient at higher bubble terminal velocities. Therefore, the 339 prediction for g < 10g 0 could be a combination between 340 Eqs. 8 and 9, which has not been developed theoretically up 341 to date.
342
Solving for the drag coefficient in Eq. 5, one can obtain its 343 experimental values by measuring the bubble diameter and the 344 bubble terminal velocity.
345
Fig . 6 shows the drag coefficient as a function of the Eötvös 346 number. It can be noted that Eq. 13 is a better fit to the 347 experimental data than Eq. 11. This behavior can be expected 348 from Fig. 5 , since Eq. 9 (and correspondingly, Eq. 13), shows 349 a better prediction for the terminal velocity. 
which, for moderate deformations ( < 2), can be approxi-368 mated as (Loth, 2008) 369 ≈ 1 + 9 64 We − 0.0089We 2 + 0.0287We 3 .
The following expression was obtained for contaminated line) and Eq. 16 (solid line). This disagreement could be 375 explained in a similar way as in Fig. 7 . Eqs. 15 and 16 376 are only applicable to bubbles of the same size and different 377 aspect ratio. Furthermore, the discrepancies could be caused 378 by the unknown hydrodynamic boundary conditions at the 379 bubble surface. As reported recently, the bubble surface in 380 the considered system can be partially or even completely slip 381 (Basarová et al., 2018) .
382
From the examination of the above results, we are not able 383 to make any clear statement about the effects of the gravity 384 level on the bubble shape. When a bubble bounces upon impact with a free surface, 391 both the bubble and the free surface become deformed. Sato 392 et al. (2011) modelled this process by means of a mass-spring 393 approximation consisting in two springs connected in series. 394 One spring with stiffness K 1 accounts for the bubble defor-395 mation, and the other spring with stiffness K 2 corresponds 396 to the free surface deformation. Two limiting cases can be 397 considered.
398
On the one hand, the limit K 1 K 2 corresponds to a 
406
On the other hand, the limit K 1 K 2 corresponds to a 407 bubble with an arbitrary shape colliding with a deformable 408 free surface, which acts as an elastic membrane. related to a forced damped oscillator model:
where m is the added mass of the bubble, c is a damping 
where χ is a constant acceleration due to buoyancy, ζ is 
where ω = ω 0 1 − ζ 2 is the frequency of the bubble wave can be written as a complex equation (Lamb, 1932, 443 Behroozi et al., 2011):
where k is the wavenumber. 
which is an implicit relation between the frequency and the 448 wavenumber k = 2π/λ. Using the wavelength relation λ = πd 449 (Section III-B) in Eq. 22, an implicit relation between the 450 frequency and the bubble diameter can be written as
Introducing Eq. 2 into Eq. 23, we obtain an implicit relation 452 between the bouncing frequency and the gravity level. The 453 numerical solution of this relation is plotted in Fig. 10 .
454
An explicit relation between ω and g can be obtained in the 455 inviscid case. Neglecting the viscosity, the dispersion relation 456 in Eq. 22 can be written as
Substituting the wavelength relation into Eq. 24 yields to
Eq. 25 together with Eq. 2 results in an explicit relation 459 between the frequency of bouncing and the gravity level.
460
Note that from Eq. 24, the definition of the phase velocity 461 v p = ω/k, and the relation k = 2π/λ = 2/d, we recover the 462 result for the terminal velocity obtained by Mendelson (1967) 
which is very similar to Eq. 8, except for the factor ∆ρ/ρ 464 multiplying the gravitational term.
465
If we consider the terminal velocity obtained by Lehrer 466 Lehrer (1976) (Eq. 9), the frequency of bouncing becomes
Extending this result to the viscous case, we obtain the implicit 468 dispersion relation
which has been solved numerically, together with the relation 470 k = 2π/λ = 2/d and Eq. 2. The result is also plotted in 471 Fig. 10 .
472
The experiments analyzed here are in a region of low 473 Reynolds number (160 ≤ Re ≤ 237), hence, in the inviscid 474 regime. This is clearly manifested in Fig. 10 , in which the 475 plot of Eq. 23 and Eq. 25 obtained from our data overlap, as 476 happens with the plot of Eq. 27 and Eq. 28. of the gravity level.
509
After the first bounce, the bubble velocity becomes negative 510 until the bubble center reaches its lowest position before 511 rising again. In this second rise phase, the bubble reaches an 512 approach velocity lower than the terminal velocity, v a < v T .
513
The amplitude of the first bounce, h 1 , is given by the position 514 of the bubble center at its lowest point after the first bounce. between the amplitude of the first bounce and the bubble 521 diameter was derived:
Extending this result to hypergravity conditions, we can 523 introduce Eq. 2 in the above relation, to predict the behavior 524 of h 1 as a function of the gravity level. Fig.11 shows the 525 amplitude of the first bounce as a function of the gravity level. 526 It is important to note that for Figs 10 and 11, each data point 527 refers to a different bubble size, thus graphs do not actually 528 represent the effect of gravity on the frequency and amplitude 529 of bouncing for a fixed bubble size. The measured values of h 1 530 are slightly lower than those given by the prediction, specially 531 for high gravity levels. An increase of the energy dissipation 532 at high gravity levels could be the cause of this discrepancy. 533 However, there are no available models to quantify such 534 dissipation.
535
IV. CONCLUSIONS AND FUTURE CONSIDERATIONS
536
We have studied the effects of the gravity level on the bubble 537 detachment from a nozzle, steady rise, and bouncing upon 538 impact with a free surface.
539
The bubble detachment size has been found to decrease as 540 the gravity level increases, in very good agreement with the 541 prediction based on the competition between buoyancy and 542 surface tension forces.
543
The terminal velocity in the bubble rise increases with 544 gravity, although the bubble size is smaller at higher gravity 545 levels. A good agreement between the experimental results and 546 the prediction by wave analogy has been obtained.
547
No clear effects of the gravity level on the bubble shape 548 have been obtained.
549
Concerning the dynamics of bubble bouncing, we have 550 modelled the system as a damped oscillator with the free 551 surface acting as an elastic membrane. The experimental 552 determination of the frequency of bouncing as a function of 553 the gravity level showed a very good agreement with the 554 theoretical prediction. The amplitude of the first bounce has 555 been found to decrease as the gravity level increases. However, 556 the bubble size varies for each gravity level, hence the effects 557 of gravity on the frequency and amplitude of bouncing for a 
